Background: One of the effects of oncogenic signaling is metabolic reprogramming of tumor cells to support anabolic growth, opening the way to therapeutic targeting of metabolic pathways. Methods: We studied NAD biosynthesis in BRAF inhibitor (BRAFi)-resistant (BiR) melanoma cell lines. Data in cell lines were confirmed by immunohistochemistry in biopsies from 17 patients with metastatic melanoma (MM) before and after the acquisition of resistance to BRAFi. Therapeutic potential of NAD biosynthesis inhibitors was determined by in vitro monitoring cell growth and death and in mouse xenograft models. Mice (n ¼ 6-10 mice/group) were treated with nicotinamide phosphoribosyltranferase inhibitor (NAMPTi), BRAFi, or their combination, and tumor growth and survival were analyzed. All statistical tests were two-sided. Results: BiR cells had higher NAD levels compared with their BRAFi-sensitive counterparts (P < .001 and P ¼ .001 for M14 and A375, respectively) and with normal melanocytes (P < .001), achieved through transcriptional upregulation of the enzyme NAMPT, which became the master regulator of NAD synthesis. Conversely, treatment with BRAFi or MEK inhibitors decreased NAMPT expression and cellular NAD levels. Robust NAMPT upregulation was documented in tissue biopsies from MM patients after development of resistance to BRAFi (P < .001). Treatment of melanoma cells with NAMPTi depleted NAD and ATP, depolarized mitochondrial membrane, and led to reactive oxygen species production, blocking cells in the G2/M phase and inducing apoptosis. Treatment of BiR xenografts with NAMPTi improved mouse survival (median survival of vehicletreated mice was 52 days vs 100 days for NAMPTi-treated ones in M14/BiR, while in A375/BiR median survival of vehicletreated mice was 23.5 days vs 43 days for NAMPTi-treated ones, P < .001). Conclusions: BiR melanoma cells overexpress NAMPT, which acts as a connecting element between BRAF oncogenic signaling and metabolism, becoming an actionable target for this subset of MM patients.
Nicotinamide adenine dinucleotide (NAD) is a key element in both energy production and signal transduction pathways (1, 2) . By acting as a cofactor for enzymes involved in energy metabolism, NAD facilitates electron transfer in central metabolic processes (3) . Additionally, it can also serve as substrate for different classes of enzymes, including sirtuins and poly ADPribose polymerases, involved in the regulation of metabolic checkpoints, DNA repair, inflammation, and protein acetylation, among other physiological processes (3) . Because these enzymes consume NAD, cells need to incessantly regenerate it. Nicotinamide phosphoribosyltransferase (NAMPT, also known as pre-B colony enhancing factor [PBEF] or visfatin), is the ratelimiting enzyme involved in the conversion of nicotinamide to NAD (4, 5) . NAMPT is frequently upregulated in hematological malignances and in solid tumors, including melanoma (5-7). Two NAMPT inhibitors (NAMPTi), FK866 and GMX1778, have demonstrated potent anticancer activity in preclinical tumor models (8, 9) by depleting NAD levels and blocking tumor growth (10, 11) .
The working hypothesis behind this paper is that oncogenic signaling directly affects NAMPT-controlled NAD biosynthesis. To test this hypothesis, we selected BRAF-mutated metastatic melanomas (MM) carrying the V600E activating mutation in the BRAF oncogene (12, 13) . These tumors, approximately 40% to 50% of metastatic melanomas, are uniquely sensitive to BRAF inhibitors (BRAFi), vemurafenib and dabrafenib. However, MM patients treated with BRAFi invariably develop resistance, characterized by the reactivation of the MAPK pathway (14) (15) (16) (17) and metabolic adaptation through either enhanced mitochondrial respiration or glycolysis (18) (19) (20) (21) .
In the present study, we observed that BRAFi-resistant cells (BiR) contain higher NAD levels, obtained through the selective upregulation of NAMPT. Consequently, we tested the hypothesis that NAMPT is an actionable target for this subset of melanoma patients.
Methods
A complete description of the methods can be found in the Supplementary Methods (available online).
Patients and Cells
Patient material was collected after obtaining written informed consent and in accordance with the Institutional Review Board and the Declaration of Helsinki. M14 and A375 BRAF V600E -mutated cell lines were from the American Type Culture Collection (ATCC). BRAFi-resistant variants were generated by culturing cells with increasing concentrations of the BRAF inhibitor dabrafenib (GlaxoSmithKline, Brentford, UK), reaching the concentration of 1.6 mM in approximately 10 to 12 weeks and maintained thereafter. Adult epidermal melanocytes were from Thermo Fisher Scientific (Monza, Italy).
Seahorse Metabolic Experiments
Real-time measurements of oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were made using an XFp Extracellular Flux Analyzer (Agilent Technologies, Santa Clara, CA). Full details are in the Supplementary Methods (available online).
NAD and ATP Determination
NAD and ATP were extracted from cells and tissues as described in Mori et al. (22) and quantified by UV C18-HPLC analysis under ion-pairing conditions.
NAMPT Overexpression
NAMPT overexpression was obtained by transducing sensitive (S) M14 and A375 cells with a lentiviral vector carrying NAMPT-GFP-tag or with the GFP-tag alone. GFP þ cells were flow sorted (FACSAriaIII, BD Bioscience, Milan, Italy) and used for further experiments. Full details are provided in the Supplementary Methods (available online).
Xenograft Models
Melanoma cells (5Â10 6 , in Matrigel, Corning, Corning, NY) were injected subcutaneously in eight-week-old male NOD/SCID/ cOD/SC -/-(NSG) mice. All mice were bred at the Animal Facility of the Molecular Biotechnology Center (Torino, Italy), recognized and approved by the Italian Ministry of Health. When tumors became palpable, mice (n ¼ 6-10 mice per group) were treated as indicated in the Supplementary Methods (available online).
Statistical Analyses
Statistical analyses were performed with GraphPad version 6.0 (GraphPad Software Inc., La Jolla, CA). Continuous variables were analyzed by Mann-Whitney U (unpaired data), and paired t test or Wilcoxon signed rank (paired data) tests. Matched groups (three or more) were compared using one-way analysis of variance with Dunn's multiple comparisons.
Results are reported as box plots, where the top and bottom margins of the box define the 25th and 75th percentiles, the line in the box defines the median, and the error bars define the minimum and maximum of all data. Survival curves were estimated with the Kaplan-Meier method. The log-rank test was used for statistical analysis. A P value of less than .05 was considered to be statistically significant. All statistical tests were two-sided.
Results

Metabolic Adaptation Mechanisms in BRAFi-Resistant Melanoma Cells
To study NAD biosynthesis after metabolic adaptation of melanoma cells, we selected BRAF V600E -mutated cell lines and made them resistant to BRAFi (A375/BiR and M14/BiR). As expected (17, 23) , BiR cells were insensitive to BRAFi ( Figure 1A ) and showed constitutive activation of the MAPK axis, downstream of BRAF (Supplementary Figure 1, available online) . Furthermore, wound-healing experiments confirmed that BiR cells were more aggressive than S cells (P ¼ .007 and P < .001 for M14 and A375, respectively) ( Figure 1B) , as also demonstrated after measuring growth in NSG mice (P < .001 for both lines) ( Figure 1C ).
Development of BRAFi resistance was accompanied by metabolic adaptation. Analysis of ECAR and OCR, indicators of aerobic glycolysis and OXPHOS, respectively, showed increased steady state and maximal glycolysis and respiration in BiR P < .001 P < .001 P < .001 P < .001 P < .001 P < .001 P < .001 P < .001 P < .001 P = .007 P < .001 P = .02 P = .01 P = .001 P = .007 P < .001 P = .01 P = .04 were obtained from at least six independent experiments, each performed in triplicate. All statistical analyses were performed using two-sided Mann-Whitney U test.
Boxes represent interquartile range, and the horizontal line across each box indicates the median. A375/S NAMPT GFP NM P < .001 P < .001 P < .001 P < .001 P < .001 P < .001 P < .001 P < .001 P < .001 P < .001 P < .001 P < .001 P < .001 
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increased only in A375/BiR cells, confirming their reliance on OXPHOS ( Figure 1I ).
NAD Generation Pathways in BiR Cells
Independently of metabolic adaptation, BiR cells were characterized by markedly higher NAD levels compared with S cells (mean ¼ 4.8 6 0.9 in S vs 7.2 6 1.4 nmol/mg in BiR cells for M14, P < .001; mean ¼ 4.9 6 0.4 in S vs 6.3 6 0.8 nmol/mg in BiR cells for A375, P ¼ .001), and even more so compared with normal melanocytes (mean ¼ 2.5 6 0.5 nmol/mg, P < .001) (Figure 2A ), prompting the question of which NAD biosynthetic pathway is upregulated in BiR cells. NAD may be synthesized through one de novo and three salvage pathways, each controlled by a ratelimiting enzyme ( Figure 2B ) (27) . We found that NAMPT was selectively upregulated in both BiR cell lines (P < .001 and P ¼.009 and for M14 and A375, respectively) ( Figure 2C ). The genes coding for the other rate-limiting NAD biosynthetic enzymes (NBEs), that is, NAPRT, NMRK1, and QPRT, were either downmodulated or not modified (Supplementary Figure 3A , available online). At the protein level, immunoblot and confocal microscopy confirmed selective and robust upregulation of NAMPT in both BiR lines (Figure 2 , D-F; Supplementary Figure 3 , B and C, available online). Furthermore, NAMPT activity markedly increased in both BiR cell lines (P < .001) ( Figure 2E ) (28), while NRK and QPRT remained unchanged in BiR cells and NAPRT was moderately increased in M14/BiR, but not in A375/BiR cells (Supplementary Figure 3D , available online).
These findings imply that NAMPT becomes the master regulator of NAD synthesis in M14/BiR and A375/BiR, even if these cells adapt differently to oncogenic signaling. We then stably overexpressed NAMPT in S cells ( Figure 2G ), confirming increased NAD levels compared with GFP control cells (P < .001) ( Figure 2H ). NAMPT-infected cells acquired resistance to chronic exposure to BRAFi earlier than their GFP-infected counterparts ( Figure 2I ) and showed a more aggressive behavior than control cells in terms of growth (P < .001) and wound-repairing properties (P < .001) ( Figure 2J ).
Transcriptional Regulation of NAMPT in MM Cells
Because NAMPT transcription is regulated by inflammatory stress signals (29-31), we hypothesized a direct link between NAMPT transcription and BRAF signaling. In line with this hypothesis, the MEK inhibitor pimasertib, alone or in combination with dabrafenib, statistically significantly impaired NAMPT expression in BiR cells. Dabrafenib reduced NAMPT transcription selectively in S, but not in BiR cells ( Figure 3A) . These effects were also evident at the protein level, as shown by confocal microscopy ( Figure 3B ). NAD quantification in treated cells confirmed that inhibition of MAPK signaling decreased NAD levels We then asked how NAMPT expression is regulated in BiR cells. M14 showed a constitutively active HIF-1a pathway, as demonstrated by the finding of a predominantly nuclear HIF-1a, as opposed to M14/S cells where it was mostly cytoplasmic. HIF1A expression levels were also slightly increased in M14/BiR vs M14/S cells (P ¼ .03) ( Figure 4A ). A375/BiR cells, on the contrary, showed constitutive STAT3 phosphorylation at tyr705, at variance with A375/S cells ( Figure 4B; Supplementary Figure 4A , available online). The finding of increased mRNA levels of microphthalmia-associated transcription factor (MITF) ( Figure  4C ), selectively in A375/BiR cells (P ¼ .001 BiR vs S cells), substantiated activation of STAT3 transcriptional program and was in line with the documented upregulation of PGC-1a expression (32-34) ( Figure 1I ). Furthermore, A375/BiR cells showed constitutive phosphorylation and nuclear translocation of the p65 subunit of the NF-kB complex ( Figure 4D ; Supplementary Figure 4B , available online), which modulates mitochondrial respiration through cytochrome C oxidase assembly protein 2 (SCO2) (35) , overexpressed in A375/BiR cells (P ¼ .02 in BiR vs S cells) ( Figure 4E ).
Chromatin immunoprecipitation (ChIP) experiments showed that NF-kB and STAT3 bind to the NAMPT promoter in A375/BiR cells, while HIF-1a binds in M14/BiR cells ( Figure 4F ), confirming that both OXPHOS and glycolysis converge on NAMPT as a common transcriptional target.
NAMPT Expression in Tissue Biopsies from BRAFMutated Melanoma Patients Before and After the Acquisition of Resistance to BRAFi
We then analyzed NAMPT expression in tissue biopsies from patients with MM obtained for diagnostic purposes, documenting marked NAMPT upregulation in melanoma lesions compared with normal melanocytes ( Figure 5A ). NAMPT expression was then measured in biopsies from 17 MM patients obtained before and after development of resistance to BRAFi. Robust NAMPT upregulation in BiR samples was highlighted in 14 of 17 patients, with highly statistically significant differences when combining NAMPT intensity and score (mean NAMPT score before BRAFi treatment [S] ¼ 106.5 6 69.3 vs 210.3 6 81.2 in BiR tissues, P < .001) ( Figure 5B ). NAMPT staining in a representative patient is shown in Figure 5C .
Expression of the other three NBEs was either decreased or unchanged, showing that NAMPT is the dominant NBE in these lesions, indirectly validating our cell lines ( Figure 5D ). 
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These data provide rationale to the use of NAMPTi in the therapy of BiR melanomas. We therefore tested the effects of FK866 and GMX1778 in M14/BiR and A375/BiR variants.
Exposure to FK866 caused a drastic reduction in NAD levels, which became undetectable after 72 hours (P < .001 in untreated vs FK866-treated [FK] cells) ( Figure 6A ). This effect was evident starting at 5 nM FK866 in A375/BiR and at 10 nM in M14/BiR cells, in line with higher NAMPT levels in the latter cells (Supplementary Figure 5A , available online). However, as NAD was undetectable in both cell lines at 25 nM FK866, this dose was adopted in further experiments.
NAD depletion by FK866 was followed (18-24 hours) by the depolarization of the inner mitochondrial membrane (IMM) with loss of mitochondrial membrane potential (Dwm, P ¼ .04 and P ¼ .007 UN vs FK for M14/BiR and A375/BiR, respectively) ( Figure 6B ). Mitochondria of FK866-treated cells were swelled and fragmented, as indicated by TOM20 staining ( Figure 6C ). The effect of FK866 on mitochondrial morphology was particularly evident in A375/BiR, which rely mostly on OXPHOS and display a highly developed mitochondrial network. As expected (36) , depolarization of the IMM triggered ROS release ( Figure 6D ) and drastically decreased maximal respiratory capacity of FK866-treated cells (P < .001 UN vs FK) ( Figure 6E ). However, while exposure to FK866 (18 hours) did not reduce steady-state OCR or response to oligomycin, it decreased responses to the uncoupler FCCP, suggesting that NAMPTi affects bioenergetic efficiency ( Figure 6F ). Consequently, ATP levels in FK866-treated cells dropped dramatically and in a dose-dependent way compared with control cells (P < .001 UN vs FK) ( Figure 6G ; Supplementary Figure 5B , available online). These data suggest that FK866 damages mitochondria and limits the cellular metabolic capacity. 
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Culture of A375/BiR and M14/BiR cells with FK866 or GMX1778 for 72 hours blocked cell growth ( Figure 7A ; Supplementary Figure 6A , available online). However, analysis of the cell cycle after 48 hours of FK866 exposure showed accumulation of cells in the S and G2/M phases ( Figure 7B ; Supplementary Figure 6B , available online), suggesting that FK866 causes G2/M cell cycle arrest. G2/M transition is regulated by cyclin B1/Cdk1 (37-39), which was markedly decreased after a 48-hour culture with FK866 (P < .001 and P ¼ .001 UN vs FK for M14/BiR and A375/BiR, respectively) ( Figure 7C ). Staining with annexin V and propidium iodide after 72 hours of culture with FK866 or GMX1778 confirmed induction of apoptosis (P < .001 in both BiR variants) ( Figure 7D ; Supplementary Figure 6 , C and D, available online), with downregulation of the prosurvival molecules Mcl-1 and Xiap, upregulation of the proapoptotic protein Bax, and caspase3 activation ( Figure 7E ). In line with the hypothesis that NAMPT is the dominant NBE in BiR cells, extracellular supplementation of nicotinic acid (Na, the substrate for the NAPRT-regulated pathway) completely rescued from FK866-induced apoptosis, at variance with S cells, where apoptosis was completely inhibited (P < .001 FK þNa in S cells vs FK þ Na in BiR cells in both cell lines) ( Figure 7F ).
Effects of NAMPTi in Xenograft Models of BiR Melanomas
To assess the therapeutic potential of NAMPTi, A375/BiR and M14/BiR cells were xenografted into NSG mice (n ¼ 6-10 /group). When tumors became palpable, mice were randomly assigned to receive vehicle or FK866 ( Figure 8A When monitoring mice after treatment, we noticed that FK866 markedly prolonged survival of mice xenografted with M14/BiR and A375/BiR. In A375/BiR-injected mice, median survival of vehicle-treated mice was 23.5 days vs 43 days for FK866-treated ones (P < .001) ( Figure 8E ). In M14/BiR xenografts, vehicle-treated mice showed a median survival of 52 days, while mice treated with FK866 did not reach a median survival at 100 days, when all live mice (seven of nine in the FK866 arm) were killed (P < .001) ( Figure 8E ). Of these, five had no evidence of disease but displayed infiltration of murine myeloid cells at the site of injection.
When the same experiment was performed on M14/S and A375/S cells, maximal and statistically significant responses in terms of decrease in tumor volume and weight and increase in necrotic areas were obtained by combining FK866 and BRAFi ( Figure 8F; Supplementary Figure 7 , C and D, available online).
Survival analysis performed in A375/S cells confirmed that the combination of FK866 and BRAFi yielded the best results in terms of mouse survival: median survival of vehicle-treated mice was 46 days vs 77 days for FK866/BRAFi combinationtreated mice (P < .001) ( Figure 8G ). On the contrary, median survival of FK866-treated mice was only 56.5, and in BRAFi-treated mice it was only 66 (P < .001) ( Figure 8G ). These data suggest that the combination of BRAFi and NAMPTi should be further explored as new therapeutic possibility in BRAFi-sensitive patients.
Discussion
To study NAD metabolism in different phases of tumor transformation, we selected two BRAF-mutated melanoma cell lines (M14 and A375) that were made resistant to BRAFi by chronic exposure to dabrafenib. Resistant cells showed paradoxical overactivation of the MAP kinase pathway downstream of BRAF and increased aerobic glycolysis or OXPHOS in M14 and A375, respectively. This different metabolic adaptation was regulated through the activation of transcription factors that control expression of glycolytic or mitochondrial metabolic genes. In line with a Warburg phenotype, resistance to BRAFi in M14 cells stabilized HIF-1a, with upregulation of HK2 and of LDHA, two critical enzymes in glucose metabolism. On the contrary, A375/BiR cells showed constitutive NF-KB and STAT3 signaling, with activation of MITF transcription factor and PGC-1a, which enhances expression and activity of the ATP synthase. Interestingly, these two pathways appear mutually exclusive, suggesting that therapeutic targeting may be broadly effective only if a common element is selected.
Our findings show that in both cell lines and independent of the preferred metabolic pathway, NAD levels increase when cells become resistant to BRAFi, and the NAD biosynthetic pathway that uses nicotinamide becomes the dominant one. In this pathway, nicotinamide is transformed into nicotinamide mononucleotide (NMN) through the rate-limiting activity of NAMPT, and it is subsequently converted to NAD by NMNATs, which exist in three isoforms and which are abundantly present in different cell districts, including mitochondria. Our data indicate that in both BiR cell lines NAMPT is upregulated, while the other rate-limiting NBEs in NAD metabolism are not modulated. The findings that cell lines overexpressing NAMPT develop earlier resistance to BRAFi, grow faster, and repair wounds more efficiently suggest that NAMPT is directly involved in determining the disease aggressiveness of BRAF-mutated melanomas. Accordingly, inhibition of MAPK signaling decreased NAD levels in both S and BiR cells. Furthermore, analysis of tissue biopsies of patients obtained before and after resistance to BRAFi confirmed NAMPT induction in the BiR state. NAMPT overexpression was regulated by NF-kB, STAT3, and HIF-1a, the same transcription factors that regulate OXPHOS and glycolysis.
These results suggest that BiR cells are uniquely sensitive to NAMPT targeting. By using two validated NAMPTi, FK866 and GMX1778, we observed a dramatic drop in cellular NAD levels following exposure to both drugs, confirming that the Namdependent pathway is the primary route to generate NAD in these cells. In line with this hypothesis, supplementation of BiR cells with artificially high levels of extracellular Na (in order to maximize activity of the NAPRT-controlled pathway) failed to completely rescue BiR cells from FK866-mediated apoptosis, at variance with what was observed with S cells. NAD depletion in BiR cells disrupted mitochondrial energy production, causing swelling and loss of membrane potential, with ROS accumulation. Cells were blocked in the G2/M phase of the cell cycle and underwent activation of mitochondrial-dependent cell death. These data are in line with recent findings, which connect mitochondrial respiration to cell cycle progression, especially in the G2/M transition, which is an energy-sensitive checkpoint. Reportedly, cyclin B1/Cdk1, the checkpoint kinase for the G2!M transition, increases mitochondrial respiration, enhancing oxygen consumption and ATP generation (40) . Therefore, the strong decrease in cyclin B1 expression observed after FK866 treatment could impact OXPHOS, linking G2/M block to mitochondrial dysfunction. The therapeutic potential of NAMPTi was then validated using xenograft models. Both A375/BiR and M14/BiR cell lines responded well to FK866 administered as a single agent, showing a statistically significant decrease of tumor growth and marked extension of survival. Importantly, five of nine mice xenografted with M14/BiR cells were disease free after 100 days following two weeks treatment with NAMPTi. Interestingly, while S cells were less sensitive to FK866 used as a single agent, as expected, its combination with a BRAFi yielded the best effects in terms of tumor growth and mouse survival, suggesting that this therapeutic avenue should be further investigated. Importantly, no signs of toxicity were observed in these mice, in line with the idea that normal cells use multiple pathways to synthesize NAD, at variance with BiR cells, which appear to rely predominantly on NAMPT.
A potential limitation of the study concerns the identification of the patients that will benefit the most from therapy with NAMPTi, either alone or in combination with BRAFi. We are currently testing the hypothesis that plasmatic concentrations of NAMPT may actually reflect intracellular ones, as shown in other models (41) . A second issue that needs to be investigated further is the role of eNAMPT in shaping the tumor microenvironment: immunocompetent mouse models of melanoma, together with patient studies, will be useful to the purpose.
In conclusion, our results show that NAMPT is an actionable target for selected subsets BRAF-mutated melanoma patients.
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